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ABSTRACT 
Numerous pedicellate and sessile Trillium species are endemic to eastern North America, where 
white-tailed deer (Odocoileus virginianus) populations have been growing in recent decades. Deer 
feed on Trillium plants, and because they often consume all leaves and flowers, the photosynthetic 
capacity of browsed plants is greatly diminished. To determine if deer can influence Trillium population 
dynamics, we review two recent studies that applied matrix population models to understand how deer 
browsing affects Trillium grandijlorum. Research conducted in the Great Lakes region indicated Tril-
lium populations in which 6-12% plants were browsed declined 3.6% per year. Simulations show that 
with additional browsing, the rate of population decline accelerates. Similar research conducted in the 
Appalachian plateau region by a different researcher yielded nearly identical results. We apply insights 
from these matrix population models to two additional conservation problems in Trillium: unsustain-
able collecting of wild plants and forest fragmentation. Because other Trillium in the eastern United 
States are similar morphologically and ecologically, our results from Trillium grandiflorum might be 
generalized to apply to other members of the genus. 
Key words: eastern United States, habitat fragmentation, harvesting, matrix population model, pop-
ulation demography, white-tailed deer. 
INTRODUCTION 
The genus Trillium L. (Melanthiaceae) contains at least 
42 species of herbaceous perennials with an Arcto-Tertiary 
distribution (Chase et al. 1995; Kawano and Kato 1995; 
Case and Case 1997; Osaloo et al. 1999). Over half are 
found in eastern North America, where they occur in forest 
understory environments. In recent decades, white-tailed 
deer (Odocoileus virginianus Zimm.) have become more 
abundant throughout this region (Alverson et al. 1988; Roo-
ney and Waller 2003). Adult deer consume 2-4% of their 
body weight per day, which amounts to 2-3 kg of plant 
material (Cypher and Cypher 1988). As foraging generalists, 
they consume herbaceous plants, grasses, woody plant 
leaves, large seeds, fruits, and twigs (Short 1975). Deer ap-
pear to disproportionately consume Trillium relative to other 
forest herbs (Anderson 1994; Augustine and Frelich 1998). 
Further, they often consume 100% of leaf and flower bio-
mass, making it a good genus to examine to determine 
whether deer affect population persistence of forest and 
woodland perennial herbs. 
Researchers have been using Trillium grandiflorum 
(Michx.) Salisb. as a model species for investigating deer 
herbivory impacts. Trillium grandiflorum has four desirable 
traits that make it ideal for this type of research. First, T. 
grandiflorum is long-lived. Using Cochran and Ellner's 
(1992) method, Knight (pers. comm.) found the average gen-
eration time for T. grandiflorum was 39.3 years. In the ab-
sence of very high mortality rates, longevity can slow the 
rate at which populations go extinct. Second, T. grandiflo-
rum shows a clear negative response to herbivory. Following 
defoliation, plants do not replace lost shoots until the follow-
ing season (Rooney and Waller 2001; Knight 2003). Defo-
liated flowering plants are less likely to flower in the sub-
sequent season than plants not defoliated, so browsing re-
duces current and future reproduction (Knight 2003). Non-
flowering plants are still browsed by deer, although at a 
lower incidence than browsing on flowering plants (Augus-
tine and Frelich 1998). Over time, individual plants protect-
ed from deer tend to be larger and more likely to flower than 
unprotected plants, indicating browsing is a key determinant 
of population structure (Anderson 1994; Augustine and Fre-
lich 1998). Third, T. grandiflorum has a broad ecological 
amplitude and is widely distributed throughout the eastern 
deciduous forest region. Fourth, the species is nonclonal and 
has discrete life stages, making demographic analysis rela-
tively straightforward. Thus, it is ideal for monitoring and 
evaluating deer impacts. Because it is morphologically and 
ecologically similar to other eastern North American species 
(Ohara 1989), the response of T. grandiflorum could be used 
to predict how these other species will respond to increasing 
deer browsing pressure. 
Between 1999-2002, we attempted to revisit vouchered 
populations of all seven taxa in the Trillium erectum L. com-
plex from hundreds of sites throughout eastern North Amer-
ica. Over half of these populations were extirpated, even 
though the forest remained intact. We hypothesized deer 
were responsible, because where populations were extirpat-
ed, we often saw evidence of high deer densities. As deer 
densities are likely to remain high in this region in coming 
decades (Rooney and Waller 2003), additional populations 
may be at risk. While deer browsing has a negative effect 
on individual plants, it is not clear if deer significantly in-
fluence population growth and thus potentially account for 
the extirpations of the plants of T. erectum that we observed. 
If deer have a significant impact on Trillium populations, 
then it is important to determine what levels of deer brows-
ing affect population viability. Here, we report on some of 
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the insights gained from applying matrix population models 
to T. grandifiorum populations. After briefly describing how 
these models are constructed, we use real and simulated data 
to examine how T. grandifiorum populations respond to deer 
browsing. We conclude by showing how insights from de-
mographic models can be extended to other conservation 
problems involving Trillium. 
MATRIX POPULATION MODELS 
Our ability to predict the size of the population in sub-
sequent years depends not only on knowing how many in-
dividuals are in the population, but also on what life stage 
those plants are in. Demographic studies that rely on matrix 
population models link differences in vital rates (i.e., sur-
vival, growth, and reproduction rates) with specific stages in 
a plant's life cycle (Caswell 200 I). In other words, the be-
havior of a demographic model depends not only on how 
many individuals are in the population, but also on the frac-
tion of individuals in each life-cycle stage. Demographers 
divide life cycles into classes based on age (Leslie 1945), 
stage (Letkovitch 1965), or size (Caswell 2001). Individual 
plants are marked and assigned to a specific class. After a 
period of time (often one year), those individuals are re-
checked, and their stage is recorded and any reproductive 
activity is quantified. From these data, demographers can 
construct class-specific vital rates: schedules of survivorship, 
growth into new classes, or reproduction. A minimum of two 
years is required to obtain vital rate data, but many demo-
graphic studies last longer. The matrix population model 
combines class-specific rates of survival, growth, and repro-
duction into a series of linear equations. When solved, these 
equations give insight into the dynamics of populations over 
short time periods. Perturbation analysis of the models can 
reveal which life-cycle stage transitions most strongly influ-
ence population growth rates (Caswell 1978, 2000). 
The matrix population model takes the form: 
where n is a column vector whose elements n1 (t) are the 
number of individuals that belong to the i-th life-cycle class 
at timet, and n1 (t + 1) is the number of individuals at time 
t + 1. Summing all of the values in the n column gives the 
number of individuals present at a site. The projection matrix 
A is the nonnegative square matrix whose elements ali rep-
resent the average number of offspring produced by plants 
in the reproductive classes, the probability of remaining in 
the same class, or the probability of growth or regression to 
a new class, thus providing the contributions from individ-
uals in the j-th life-cycle class to the i-th life-cycle class over 
the time projection interval. In biological terms, the A matrix 
is a matrix of vital rates. 
From the A matrix, we can obtain the eigenvectors and 
eigenvalues. These values have biological meaning. The left 
eigenvector of the A matrix, for example, represents the 
stage-specific reproductive values. The reproductive value of 
a stage class measures the average potential contribution of 
an individual in that class to future population growth. The 
dominant right eigenvector of the A matrix corresponds to 
the stable-stage distribution of the population. The stable-
stage distribution is the proportion of individuals in each 
stage class once the population growth rate ceases to change 
(Caswell 2001). The dominant eigenvalue corresponds to the 
finite rate of increase, A, which is the growth rate of the 
population once the stable-stage distribution is attained. 
From the left and right eigenvectors (the stage-specific re-
productive values and the stable-stage distribution), two oth-
er useful properties of the population can be calculated: the 
sensitivity and elasticity values of each element (a1;) in the 
summary A matrix. Sensitivity analysis measures the impact 
of each element of the A matrix on A relative to the changes 
of the same magnitude of other elements of the A matrix 
(Caswell 1978). In other words, sensitivity analysis measures 
how A changes in response to a small change in each element 
of A. It is difficult to compare the sensitivities of different 
matrix elements because a "small change" in a large matrix 
element (e.g., fecundities) has a different meaning biologi-
cally than a "small change" in a small matrix element (e.g., 
rare transitions). Elasticity analysis overcomes this problem, 
as it measures how A changes with a small proportional 
change in each matrix element (deKroon et al. 1986). Elas-
ticity values for each matrix element range from 0-1 and 
sum to 1 over the entire matrix. In other words, elasticity 
values measure the relative importance of each stage-specific 
transition or fecundity. 
TRILLIUM GRANDIFLORUM DEMOGRAPHY 
Several previous studies provide a comparative analysis 
of Trillium reproductive biology, population structures, and 
life history strategies of several species throughout the geo-
graphic range of the taxon (Kawano et al. 1986, 1992; Ohara 
and Kawano 1986a, b; Ohara 1989; Ohara and Utech 1986, 
1988). There are remarkable similarities that link all species 
studied. Trillium life-cycle stages can be delimited based on 
leaf-area size classes or gross morphology. Plants in differ-
ent stages experience different survival and reproductive 
rates. Individuals in the smallest leaf-area size classes ex-
perience highest mortality rates, while individuals in the 
largest size classes show high survivorship and reproductive 
rates. 
Ohara et a!. (2001) conducted a 12-year demographic 
study of the Japanese pedicellate Trillium apetalon Makino. 
They identified four life-cycle classes (seedling, 1-leaf, non-
reproductive 3-leaf, and reproductive). The population grew 
at the rate of 2% per year, and elasticity analysis revealed 
that the most important life-cycle transitions were stasis in 
the reproductive stage (0.71 ), followed by stasis in the non-
reproductive (3-leaf) stage (0.11). 
Two recent studies address the impact of deer on Trillium 
demography. Rooney and Gross (2003) studied T. grandifio-
rum in the Great Lakes region of North America. They de-
limited six life-cycle classes based on discrete stages: seeds, 
seedlings, juvenile (1-leaf) plants, nonreproductive (3-leaf) 
plants, reproductive plants, and dormant plants. They added 
browsed plants as a distinct seventh class even though it is 
technically not a life-cycle stage. Their rationale was 
straightforward; the vital rates for browsed plants would 
probably differ from nonreproductive 3-leaf plants and re-
productive plants, so they should be treated separately. 
Knight (2004), also using matrix population models to ex-
amine deer impacts on T. grandifiorum in the Appalachian 
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plateaus region, used an alternate scheme in delimiting life-
cycle classes. She divided nonreproductive 3-leaf plants into 
two size classes: small and large. In addition, she did not 
use dormant or browsed classes. A browsed class was un-
necessary because she knew the stage of individual plants 
prior to herbivory. 
Despite the different life-cycle models used by Rooney 
and Gross (2003) and Knight (2004) and despite the studies 
being conducted in different regions, their results were re-
markably similar. Deer consumed 6-12% of all plants in the 
Great Lakes region, and 15-50% in the Appalachian pla-
teaus. Both populations were in decline: 3.6% per year in 
the Great Lakes region, and 3% per year in the Appalachian 
plateaus. Both studies found that flowering plants had the 
highest reproductive values, and that stasis in the 3-leaf non-
reproductive stage had the highest elasticity value. Rooney 
and Gross (2003) found this transition had an elasticity value 
of 0.43. Knight (2004), who differentiated between small 
and large 3-leaf plants, found that the elasticity value for 
stasis in the smaller plants (ca. 0.5) was greater than that for 
large plants (ca. 0.1). 
Both studies reported that deer reduced population 
growth. Rooney and Gross (2003) asked what would happen 
if browsed plants were not browsed. In the matrix model, 
they reclassified browsed plants with a fraction of reproduc-
tive and nonreproductive plants, and found that the rate of 
population growth increased with an increase in the number 
of reproductive plants. Even when 100% of the browsed 
plants were reclassified as nonreproductive, the population 
growth rate was higher than the population with browsed 
plants. However, even complete replacement of browsed 
plants by reproductive ones did not cause the population to 
increase; instead it declined at the rate of 1.6% per year. 
Rooney (2000) also used a simulation approach to examine 
the consequences of doubling the number of individuals 
browsed by deer, assuming that stage transition rates were 
invariant and no immigration or emigration occurred. The 
simulations revealed that doubling the herbivory rate ob-
served by Rooney and Gross (2003) caused the population 
to decline at the rate of 4.8% per year. Knight (2004) re-
moved browsed plants from her analysis to determine what 
effect browsing had on population growth. She found that 
without herbivory, the population would increase 2% per 
year. 
Elasticity analysis of T. apetalon and T. grandiflorum pro-
vides insights into the life history strategy of these forest 
herbs. Elasticity values for fecundity-related transitions (i.e., 
seed production and seedling recruitment) are low, while 
values for survival elements (i.e., stasis and retrogression 
transitions) are high. A life history strategy with low elas-
ticity values for fecundity and high elasticity values for sur-
vival is typical of other late successional forest herbs (Sil-
vertown et al. 1993). For such species, recruitment of new 
individuals into the population from seed is often a rare 
event. Factors affecting the survival of reproductive or large 
nonreproductive plants are more critical determinants of 
long-term population persistence than shorter-term fluctua-
tions in seed set or recruitment. 
GENERALIZATIONS FROM DEMOGRAPHIC ANALYSIS 
The demographic results from T. apetalon and T. gran-
diflorum can also provide insight into two additional con-
servation problems: overharvesting and forest fragmentation. 
Because they are so beautiful and charismatic, collectors and 
gardeners avidly seek Trillium plants. They are very slow 
growing in the wild, often requiring over 17 years before 
they become reproductive (Hanzawa and Kalisz 1993). Be-
cause of their long generation time, unregulated or illegal 
collecting of wild plants for gardens or nurseries can lead to 
overharvesting. Demographic models have been constructed 
for other long-lived herbs subjected to harvesting. A de-
mographic model of the medicinal herb ginseng, Panax 
quinquefolius L. (Araliaceae), reveals that some of the adult 
plants could be harvested in a sustainable manner, but only 
in years when the population exhibited strong growth in sites 
where populations are large (Charron and Gagnon 1991; 
Nantel et al. 1996). As with T. apetalon and T. grandiflorum, 
elasticity values for P. quinquefolius were highest for sur-
vival of the largest plants in the population. In other words, 
removal of the largest plants in the population would influ-
ence the population growth rate more strongly than the re-
moval of plants of any other size. If Trillium populations 
grew under ideal conditions (no herbivory or habitat loss, 
for example), some adult Trillium plants (rhizomes and 
shoots) could probably be harvested in a sustainable manner 
in good years where populations are large. Simulations of 
elevated mortality in the nonreproductive 3-leaf and repro-
ductive stage classes, similar to the approach used by Nantel 
et a!. ( 1996) could reveal what levels of harvest could be 
sustained. With deer browsing, however, it is unlikely that 
any level of Trillium harvesting would be sustainable. 
Forest fragmentation and edge effects also impact some 
Trillium species. In western North America, T. ovatum 
Pursh. appears to be in decline (Jules 1998). Clearcutting 
and subsequent conifer planting kills >95% of all T. ovatum 
individuals. In intact forest adjacent to these clearcuts, T. 
ovatum populations showed low recruitment (Jules and Rath-
cke 1999). Two putative factors are examined: pollen limi-
tation and seed predation. Individuals growing along forest 
edges were the most pollen-limited, perhaps because the 
edge was suboptimal for pollinators. This might not prevent 
population persistence, though, as Knight (2004) reports, 
chronic pollen limitation does not prevent population persis-
tence. Densities of deer mice, Peromyscus maniculatus Wag-
ner, are often higher in clearcuts than intact forest (Sullivan 
1979, 1980; Tallmon et a!. 2003), and appear to be more 
abundant along forest edges than in the forest interior (Jules 
and Rathcke 1999). These mice are voracious seed predators, 
and populations closest to the forest edge suffered the high-
est levels of seed predation (Jules and Rathcke 1999; Tall-
mon eta!. 2003). In the conclusion of their paper, they noted 
that a matrix population model would reveal the extent to 
which seed predation and pollen limitation affected the vi-
ability of these T. ovatum populations. Given what we know 
about both pollen limitation and Trillium demography (Roo-
ney and Gross 2003; Knight 2004), it is likely that T. ovatum 
could experience several years of elevated seed predation 
without reducing the probability of population persistence, 
given the low elasticity values for reproduction-related tran-
sitions (Ohara eta!. 2001; Rooney and Gross 2003; Knight 
2004). Knight (2004) examined the consequences of increas-
ing seed production by 30%, and found that it had a negli-
gible effect on population growth. ForT. ovatum, the critical 
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question is: how many years do edge effects persist? If these 
edge effects persist for 5-10 years, Trillium populations 
could persist. However, lasting edge effects could undermine 
population viability. 
Small forest fragments embedded within an agricultural 
landscape in eastern Hokkaido, Japan, pose several problems 
for Trillium camschatcense Ker Gawl. populations. As frag-
ments get smaller, the fraction of the population influenced 
by edge effects increases (Tomimatsu and Ohara 2002, 
2004). Close to forest edges, densities of seedlings, !-leaf, 
and flowering plants were significantly lower than in the 
forest interior (Tomimatsu and Ohara 2004). In addition, as 
fragments get smaller, population sizes decline (Tomimatsu 
and Ohara 2003). Small populations suffer lower levels of 
genetic diversity and reduced seed production and seedling 
recruitment (Tomimatsu and Ohara 2002, 2003), raising 
questions about the long-term viability of these small pop-
ulations. 
In conclusion, demographic analyses reveal that deer can 
significantly influence T. grandifiorum population growth. 
Browsing on other nonclonal Trillium species with similar 
life history strategies and intolerance of herbivory could 
have similar, negative results on populations. While we do 
not know if the extirpations of Trillium erectum taxa we 
observed were caused by deer browsing, it is plausible that 
deer could have been partially or fully responsible for some 
of these population losses. In the absence of additional data, 
it seems reasonable to use these demographic findings to 
predict how populations of additional Trillium species in 
other regions will respond to deer browsing. 
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